Fluctuations of conserved quantities are believed to be sensitive observables to probe the signature of the QCD phase transition and critical point. It was argued recently that measuring the genuine correlation functions (CFs) could provide cleaner information on possible nontrivial dynamics in heavy-ion collisions.With the AMPT (a multiphase transport) model, the centrality and energy dependence of various orders of CFs of net protons in Au + Au collisions at √ sNN=7. 7, 11.5, 19.6, 27, 39, 62.4 and 200 GeV are investigated. The model results show that the number of antiprotons is important and should be taken into account in the calculation of CFs at high energy and/or in peripheral collisions. It is also found that the contribution of antiprotons is more important for higher order correlations than for lower ones. The CFs of antiprotons and mixed correlations play roles comparable to those of protons at high energies. Finally, we make comparisons between the model calculation and experimental data measured in the STAR experiment at the BNL Relativistic Heavy Ion Collider.
I. INTRODUCTION
The search for the structure of the QCD phase diagram is one of the main goals in relativistic heavy-ion collisions [1, 2] . Event-by-event fluctuations of conserved quantities are less affected by final state interactions in the hadronic phase and thus have been believed to be sensitive to the QCD critical point [3] [4] [5] [6] [7] [8] [9] . With the data collected from the first beam energy scan (BES-I) program at the BNL Relativistic Heavy Ion Collider (RHIC), cumulants of net-proton, net-charge, and net-kaon multiplicity distributions have been measured [10] [11] [12] [13] [14] [15] [16] [17] . A nonmonotonic energy dependence of the cumulant ratio of the fourth order to the second order (κσ 2 ) for net protons in central Au + Au collisions has been observed in the STAR experiment, with a minimum value around 19.6 GeV and strong enhancements at 7.7 and 11.5 GeV [18, 19] .
Recently, it was argued [20] [21] [22] [23] [24] that measuring multiparticle correlation function could provide cleaner information on the dynamics of critical fluctuations in heavy-ion collisions, since cumulants may mix correlations of different orders. By ignoring the contributions from antiprotons, various orders of correlation functions between protons can be extracted from the cumulants measured by the STAR experiment. It was found that the strong enhancement of fourth-order cumulant at 7.7 GeV is due to large four-particle correlations, while the negative two-particle correlations are dominant at 19.6 GeV [22] . With removal of the four-particle correlation function from the cumulants, i.e., only the two- * Electronic address: lizm@mail.ccnu.edu.cn and three-particle correlation functions remain, the nonmonotonic behavior observed in the fourth-order proton cumulant disappears [25] . The ultrarelativistic quantum molecular dynamics (UrQMD) model cannot explain the observed behaviors of the proton correlation functions from STAR [26] . The correlation functions could also be effectively used to study the long-range correlations of the system [27] and describe the asymmetric component of rapidity correlations measured by the ATLAS experiment [28, 29] .
It should be pointed out that proton number is not a conserved charge although the number of antiprotons is comparably small and may be neglected at very low RHIC energies. With increasing collision energies, the experimentally measured antiproton to proton ratio (p/p) increases dramatically [30] , and we should consider the contribution from antiprotons as well as that from protons when calculating cumulants or correlation functions. On the other hand, the mixed correlation functions between protons and antiprotons may carry important information about the system under investigation. In Ref. [31] it is suggested that measurement of these mixed correlations could help to identify the possible origination of proton clustering, which can be used to qualitatively understand the preliminary STAR results for multiparticle correlation functions of different orders.
In this work, we plan to perform a study on the correlation functions of net protons by taking both protons and antiprotons into account. The correlation functions of net protons at various RHIC BES energies and centralities are investigated and compared to those of only protons. We also make comparisons of correlation functions from protons or antiprotons to those from mixed correlations. The contributions of antiproton numbers to various orders of correlation functions are systematiarXiv:1707.04375v2 [hep-ph] 23 Oct 2017 cally studied.
The paper is organized as follows. In Sec. II, we introduce the observables and relations between cumulant, factorial moment, and correlation function. A brief introduction of the AMPT (a multiphase transport) model is given in Sec. III. Then, the centrality dependence of various orders of correlation functions of net protons, only protons or antiprotons, and mixed correlation are investigated by the AMPT model in Au + Au collisions at √ s NN =7.7 to 200 GeV. Finally, we give a summary of this work.
II. CUMULANT, FACTORIAL MOMENT AND CORRELATION FUNCTION
In statistics, the distribution function of a measurement can be characterized by various orders of cumulants. The nth order cumulants (C n ) of a multiplicity distribution can be defined as:
where N represents the number of multiplicities measured in one event and δN = N − N denotes the deviation of N to its mean value. The measurement N could be the number of protons, anti-protons or net-protons. In order to cancel the volume effect, the ratio of the fourth order to the second order cumulants, κσ 2 , is often used to study the non-monotonic behavior in current heavy-ion experiments [10] [11] [12] . It can be obtained by:
Suppose that the final state particles are characterized by the multiplicity distribution P (N ), where N is only one species of particles, such as protons. The n-th order factorial moment F n = N !/(N − n)! can be calculated from the generating function H(z):
The n-th order correlation function,κ n , is then given by analogous derivatives of the logarithm of H(z),
The correlations functions can be obtained from the factorial moments:κ
Cumulants can also be expressed in terms of the factorial moments [21, 24] . Thus, cumulants and correlation functions have direct connections with each other:
It can be clearly seen that cumulants mix correlations of different orders. For example, from Eq. (8) we find that the forth-order cumulant includes the second-, third-and fourth-order correlation functions.
We must point out that the above relationships are valid only when one type of particle, such as the proton, is taken into account. For net-protons, i.e. both protons and anti-protons are considered, the relationships between correlation functions and factorial moments can be deduced [21, 32, 33] :
where
, and i is the number of protons and k is that of anti-protons.κ (i,k) n represents the n-th order correlation function with i protons and k anti-protons. We call it a mixed correlation function if both i and k are nonzero. Then one can deduce the formulas between cumulants and correlation functions for net-protons [32, 33] :
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In order to simplify notations used in the discussions on the contributions of different order correlation functions to the fourth-order cumulant in Sec.IV, we make the following definitions according to Eq. (8) for protons and (12) for net-protons, respectively:
where (κ n ) p represents the nth-order correlation function for only protons and (κ n ) net is that for net-protons. The scaled numbers in the formulas of (κ n ) p and (κ n ) net are obtained from Eq. (8) for protons and (12) for netprotons. These numbers reflect the relative contribution of different correlation functions to the fourth-order cumulant.
From the above definitions, we can infer that (κ n ) net will degrade to be equal to (κ n ) p if we omit the contributions of anti-protons. Therefore, in the real data sample, if the measured values of (κ n ) p and (κ n ) net have a clear difference, it means the contribution of anti-protons is important and should be taken into account when calculating correlation functions in that case.
III. AMPT MODEL
A multiphase transport model with string melting (AMPT-SM)is a transport model including four main processes: the initial condition, the partonic interactions, the conversion from partonic matter to hadronic matter, and the hadronic interactions. The initial condition is obtained from the HIJING model, which includes the spatial and momentum distributions of minijet partons and soft string excitation. Then all the excited strings convert to partons. Scattering among partons is modeled by Zhangs parton cascade (ZPC), which at present includes only two-body scattering with cross sections obtained from pQCD with screening masses. A simple quark coalescence model based on the quark spatial information is used to combine partons into hadrons. The dynamics of the subsequent hadronic matter is described by a rel- 
IV. RESULTS AND DISCUSSIONS
In the AMPT model calculations, we apply the same kinematic cuts and technical analysis methods as those used for the STAR experiment data [18] . The protons and anti-protons are measured at mid-rapidity (|y| < 0.5) and within the transverse momentum range 0.4 < p T < 2.0 GeV/c. The centrality is defined by the charged pion and kaon multiplicities within pseudo-rapidity |η| < 1.0, which can effectively avoid auto-correlation effects in the measurement of cumulants and correlation functions. In order to suppress the volume fluctuations originating from the finite centrality bin width, we apply the centrality bin width correction [36] to the measurement. The statistics error is estimated by the bootstrap method [37, 38] . GeV. With collision energy increase, the dN/dy distributions of protons in the central rapidity region monotonically decrease, while those of anti-proton increase with increasing energies. If energy is fixed, the yield of antiprotons is found to be closer to that of protons in more peripheral collisions. Due to the negligible production of anti-protons in the low energies, the dN/dy distribution at central rapidity region of net-proton is observed to closely follow that of protons, while a clear difference between them can be found at high energies, especially at 200 GeV. These can be explained by the different particle production mechanisms at different RHIC energies. Baryon stopping is more important at low energies, while pair production dominates the production of protons and anti-protons at high energies.
In Fig.2 , we show centrality dependence of various orders of correlation functions for protons and net-protons defined in Eq. (13) arate from each other both at peripheral and at central collisions. For the third-order correlations, we see that (κ 3 ) net and (κ 3 ) p equal each other in all centralities only at 7.7 and 11.5 GeV. At 19.6 GeV and above, observable differences between them can be found at peripheral collisions. The differences between net-protons and protons become more obvious with increasing energies. In the third row, we observe that (κ 4 ) net are different from (κ 4 ) p from 11.5 GeV and above. From the above behaviors of different order of correlation functions, we infer that the differences between net-protons and protons become larger for higher order correlation functions than for lower ones. Figure 3 shows the second-, third-and fourth-order correlation functions of net-protons as a function of centrality at √ s N N = 7.7 -200 GeV. Note that this plot can reflect the contributions to the fourth-order cumulant from different orders of correlation functions (12) according to the definitions of Eq. (13) . In central collisions, when the energy √ s N N ≤ 39 GeV, we find that the magnitudes of (κ 2 ) net are much larger than those of (κ 3 ) net or (κ 4 ) net . This means that the second-order correlation function is the dominant contribution to the fourth order net-proton cumulant. When the energy increases up to 62.4 or 200 GeV, various orders of correlation functions play roles comparable to the fourth order cumulant. Therefore, higher order correlations should be considered at higher collision energies. On the other hand, in peripheral collisions, there are no obvious dominant orders of correlation functions at all energies.
In Fig 4, we compare correlation functions of protons, anti-protons and mixed correlations. Note that we have multiplied correlation functions with the appropriate factors so that they reflect their contribution to the fourth-order cumulant (12) . For the second order correlation function, the correlation between protons (7κ This implies that anti-proton number must be considered when calculating correlation functions at high RHIC energies. As the orders of the correlation functions increase up to 3 or 4, we observe that the roles of anti-protons and mixed correlations get more important both at central and at peripheral collisions. Thus their contributions should not be neglected in the measurement of higher order correlation functions or cumulants in heavy-ion collisions.
Since there is no published experimental measured correlation function of net-protons available, we can not directly compare our results to the experimental data. In order to make an indirect comparisons with the STAR measured cumulant ratios of net-protons [18, 19] , in GeV. In peripheral collisions (70-80%), the separation gets larger at high energies. This confirms that the contribution of anti-protons is important at high energies and/or in peripheral collisions in the calculations of cumulants or correlation functions. It can be found that, in the most central collisions, the non-monotonic energy dependence of κσ 2 observed in STAR preliminary results can not be reproduced by the AMPT model. This is because there is no critical physics implemented in the transport model. We also observe that the model can not describe the behaviors of the STAR data either in the mid-central or in the peripheral collisions.
V. SUMMARY
In this paper we have studied various orders of correlation functions of net-proton in Au+Au collisions at √ s NN =7.7 to 200 GeV. It is the first time that the contribution of anti-protons has been taken into account together with that of proton in calculating correlation functions by using the AMPT model.
We find that the correlation functions from net-protons and only protons agree with each other in low RHIC energies. But at high energies, they have a clear separation, especially for peripheral collisions. We infer that the contribution of anti-protons is important at high RHIC energies and/or in peripheral collisions. In central collisions, the magnitude of net-proton correlation functions of the second-order is much larger than those of the higher orders, while they play comparable roles with increasing energies up to 200 GeV. For the centrality dependence of mixed correlations, we observe that proton correlation is the dominant part at low energies, while at high energies, the correlations between anti-protons and the mixed correlations have equivalent contributions to those of protons. It is found that, in the calculation of correlation functions, the contribution from anti-protons is more important for higher order correlations than for lower ones. The comparison of the cumulants between experimental data and the AMPT calculations shows that the STAR preliminary results can not be described by the AMPT model without implementing critical physics.
The STAR experiment has planned a second phase of the beam energy scan (BES-II) program [39, 40] to run in 2019 -2020. One of the primary goals of BES-II is the search for evidence of a phase transition between hadronic gas and QGP phases. With significant improved statistics and particle identification in BES-II, it would be of great interests if STAR could measure the correlation functions of net-protons together with high-order cumulant ratios to explore the QCD phase diagram. The results from AMPT model calculations here can provide non-critical estimations for the background contributions to the QCD critical point search in heavy-ion collisions.
